The isolation of a new type of thrombin inhibitor, called triabin, from the saliva of the hematophagous bug Triatoma pallidipennis, has recently been described. In the in vitro platelet aggregation inhibition assay triabin has a similar potency as the thrombin inhibitor hirudin now in phase III clinical trials. However, in another in vitro assay using a low molecular weight substrate for thrombin, triabin does not inhibit thrombin completely even at 6 fold higher molar doses in comparison with hirudin. This means that triabin has a novel mode of action towards thrombin making triabin into an interesting candidate as a therapeutic agent. Recently it has been shown that a recombinant baculovirus can be efficiently used for the triabin production in insect cells and that the yields in adherent cultures of High Five TM cells (approx. 20 mg l −1 ) were about 7 fold higher than in adherent cultures of Sf9 cells (approx. 3 mg l −1 ). To optimize the triabin yield from the baculovirus/insect cell expression system, experiments were performed with suspension adapted cultures of High Five TM cells to investigate the effects of the state of the host cell, of the multiplicity of infection, of the cell density at the time of infection and of supplementation of the medium with nutrients and oxygen. Triabin yields of up to 200 mg l −1 , as determined by an activity assay, could finally be obtained here.
Introduction
The BTI-Tn5B1-4 (High Five TM ) insect cell line has gained widespread use within baculovirus/insect cell expression system because many secreted recombinant proteins are produced at considerably higher rates than in Spodoptera frugiperda derived cell lines (e.g. Wickham et al., 1992; Davis et al., 1993; Wickham and Nemerow, 1993; Chico et al., 1997) . Recently this has also been confirmed for the novel thrombin inhibitor triabin (Petri et al., 1997) . However, these latter results had only been obtained with High Five TM cells in monolayer cultures which are difficult to scale up. Therefore, we have extended these studies with * Present address: Freie Universität Berlin Institut für Biochemie im Otto-Hahn-Bau, Thielallee 63 D-14195 Berlin, Germany suspension adapted High Five TM cells. As it is well known that the productivity of the baculovirus/insect cell expression system is strongly influenced by (1) the state of the host cell, (2) the multiplicity of infection, (3) the cell density at the time of infection as well as by (4) nutrient and (5) oxygen supply (Reid et al., 1995; Kioukia et al., 1995; Chico et al., 1997) experiments for the optimization of the triabin production were performed and are described here.
Triabin is a novel thrombin inhibitor which has been originally isolated from the salivary gland of the blood sucking bug Triatoma pallidipennis (NoeskeJungblut et al., 1995) . Triabin has a different mode of action in comparison with the thrombin inhibitor hirudin currently tested in clinical trials phase III, in that triabin does not bind to the active site of throm- Triabin production under optimized conditions. 2 × 10 6 High Five TM cells ml −1 taken from a logarithmically growing culture were infected with a m.o.i. of 0.5 and shaken at 120 rpm. 65 h p.i. fresh glucose ad 3.5 g l −1 and asparagine and glutamine at 0.75 g l −1 were readded. The triabin content in the supernateant was measured at the indicated points. The upper line linked to β 1 gives the maximal productivity and the lower line linked to β 2 is an example of the average productivity of the process.
bin but only to the so called anion-binding exosite of thrombin as it has been proven by crystallographic analyses of the triabin/thrombin complex (FuentesPrior et al., 1997) . Although, on a molar basis, the potency of triabin in a platelet aggregation inhibition assay is similar to the potency of hirudin, triabin does not block the enzymatic activity of thrombin towards a synthetic low molecular weight peptide substrate completely, even at a 6 fold higher molar dose in comparison with the hirudin dose giving a 100% percent inhibition of thrombin in the same assay (Noeske-Jungblut et al., 1995) .
Materials and Methods

Recombinant virus
The construction of the recombinant Autographa californica nuclear polyhedrosis virus harbouring the triabin cDNA under the control of the viral polyhedrin promoter has been described (Petri et al., 1997) . Briefly, the complete triabin cDNA including a sequence coding for a potential 18 amino acid long leader peptide was inserted into the baculovirus transfer vector pVL1392. A recombinant baculovirus was isolated and a virus stock was produced following standard baculovirus techniques. (Whiting et al., 1996) .
Cell culture
High Five TM cells were obtained from Dr. T. Pohl (Benj. Franklin Klinikum/FU Berlin) and adapted to growth in Insect Xpress medium (BioWhittacker, Verviers, Belgium), supplemented with 0.5% fetal calf serum (FCS), (Life Technologies, Eggenstein, Germany). The cells could easily be adapted to the growth in suspension culture in Erlenmeyer flasks, however, it was necessary to silanize the flasks to prevent adherence of the cells to the vessel wall. Total cell numbers were determined using a Casy 1 cell counter (Schaerfe Systems, Reutlingen, Germany) and the ratio of viable cells to dead cells was microscopically monitored in a hematocytometer after trypan blue staining.
Triabin measurement
Triabin was determined in the cell culture supernatants by measuring the inhibition of the thrombin induced fibrin production from fibrinogen in serially twofold diluted samples (Church et al., 1991) . Correspondingly diluted purified triabin migrating as a single band in an SDS polyacrylamide gel electrophoresis served a standard. The increase of the absorbance caused by the generation of fibrin was photometrically recorded at 405 nm. No significant thrombin inhibiting activity was found in the cell culture medium only, in the supernatant of uninfected cells or in the supernatant of wild type baculovirus infected cells.
Glucose determination
Glucose content in the medium was monitored using a commercially available enzyme test (Cat. No. 115-A, Sigma, Deisenhofen, Germany).
Amino acid analyses
The amino acids in the cell culture medium were determined using ortho-Phtalaldeyd (OPA) derivatization followed by HPLC analysis and fluorescence detection. Details of this method have been described by Bober (1986) . A Waters HPLC system (WISP 712 autosampler, 600 Multi Solvent Delivery System, 420/420 AC Fluorescence detector; Waters, Eschborn, Germany) together with a C18 column (ODS HYPER-SIL 5 µm; Bischof Analysentechnik, Leonberg, Germany) were used. HPLC data recording and processing were performed using the Kontron PC integrator software V. 3.0 (Kontron, Eching, Germany).
Results
Growth characteristics of uninfected High Five TM cells
All experiments described were performed in 100 ml Erlenmeyer flasks at 27 • C shaken at 100 rpm except as otherwise indicated. The culture volume was 20 ml, because in preliminary experiments with uninfected cells it had been found that under these conditions the cell growth was better than in smaller or larger culture volumes. In 20 ml cultures the cell number doubled every 24 h during the logarithmic growth phase and maximal cell densities of 5 × 10 6 cells ml −1 were obtained. A typical growth curve of High Five TM cells together with the glucose consumption curve is shown in Figure 1 . The amino acid content of the medium immediately after the inoculation and 98 h later was also analysed by HPLC as described in materials and methods (Figure 2 ). It was found that glutamine and asparagine were the only amino acids which were completely used up. All other detectable amino acids decreased only slightly or even increased over the time of the experiment.
Time course of triabin production
To study the time course of the triabin production, High Five TM cells were taken from the early stationary phase of a suspension culture and diluted to a cell density of 5 × 10 5 cells ml −1 . The cells were infected 
Optimization of initial cell density at the time of infection and m.o.i.
The yield of a recombinant protein in baculovirus infected insect cells depends on the multiplicity of infection as well as on the cell density at the time of infection (Reid et al., 1995) . These authors had shown that for each initial cell density an optimal m.o.i. can be found. Therefore the effects of different m.o.i. and of various cell densities on the triabin yield were investigated. In this experiment High Five TM cells taken again from the early stationary growth phase were diluted in fresh medium and infected at different cell densities and with different m.o.i. as shown in Table I . Triabin yield was determined 96 h p.i. at which time the triabin release from the infected cells had essentially ceased (see Figure 1) . The results are also shown in Table I . Generally it could be observed that higher initial cell densities gave an increase of the triabin yield at all m.o.i. The highest yields were obtained in this experiment with an initial cell density of approx. 1.5 × 10 6 cells ml −1 and a m.o.i. of 0.5. Only slightly lower yields were observed when the cells were infected at 3.5 × 10 6 cells ml −1 with 1 or 5 pfu per cell. This is in agreement with the previous experiment indicating that the initially non infected cells at the m.o.i. of 0.5 continued to grow and provided a substratum for the virus released from the primarily infected cells. At the lower cell densities lower triabin yields were obtained. However, these were higher for the infections done at the m.o.i. of 1 and below in comparison with the infections done at the m.o.i. of 5 due to the cell growth of the primarily uninfected cells during the first round of virus replication.
Influence of the host cell state on the triabin yield
The state of the host cells at the time of infectioneither from a logarithmically growing or from stationary culture -is another important factor influencing the yield from baculovirus expression system (Kioukia et al., 1995) . Therefore High Five TM cells were either taken from the early stationary or mid log phase, adjusted to a cell density of 1 × 10 6 cells ml 
Nutrient consumption in infected High Five TM cells and effect of a feeding strategy on the triabin yield
The glucose consumption in the two cultures of the experiment described before was determined and is also shown in Figures 4a and b . The infected cells from the log phase culture used the available glucose almost completely whereas in the culture with cells from the stationary phase only about 60% of the glucose were consumed. This can be explained by the higher metabolic rate of the cells from the log phase cells leading to a more active virus replication and recombinant protein production. From these results it can be expected that in infected cultures with cells densities of above 1 × 10 6 of log phase cells glucose would be a limiting factor. To investigate whether apart from the glucose also amino acids in the medium could become a limiting factor the amino acid content in the medium at different times p.i. was also analysed. Similar to the data obtained with uninfected cells (Figure 2) , it was found that only glutamine and asparagine were used up completely and were therefore identified as yield limiting substrates. All other analyzed amino acids were only partially used or even increased over the time. A comparison of the consumption or accumulation of the most significantly affected amino acids on a per cell basis in uninfected and baculovirus infected cells is listed in Table II. This table shows that asparagine, glutamine, glycine, threonine, valine, phenylalanine, isoleucine and lysine were consumed and aspartic acid, glutamic acid and alanine were produced at higher levels in the infected cells.
Effect of aeration on the triabin production system
Oxygen is another important factor affecting the yield of the recombinant product in the BVES (Scott et al., 1992) . Also Kioukia et al. (1995) reported on the increase of the specific oxygen uptake rate up to 55% for Sf9 cells. In order to improve the oxygen supply of cells in a flask it is generally possible to diminish the ratio of culture volume to total flask volume or to enhance the rotation speed. Both variants cause a higher shear stress to the cells. Since in preliminary investigations the negative effect of culture volumes higher than 20 ml per 100 ml Erlenmeyer flask was determined the shaking frequence was increased from 100 to 120 rpm. The higher rotation speed led to a futher increase of the triabin yield by about 10% (data not shown). It must be noted that in this experiment a cell density of only 1.5 × 10 6 cells ml −1 at the time of infection was used. It can be expected that at the higher cell density of 2 × 10 6 cells ml −1 as used in the experiments before, the positive effect of the increased oxygen transfer by the higher rotation speed would be even more pronounced.
Optimized triabin production
In a final experiment a combination of all the optimized parameters of this baculovirus/High Five TM cell expression system was applied. The experimental conditions were the following: High Five TM cells from the logarithmic growth phase (viability > 85%) were resuspended in 20 ml of fresh Insect Xpress medium with +0.5% FCS at a cell density of 2 × 10 6 cells ml −1 . The cells were immediately infected with a m.o.i. of 0.5 and incubated at 27 • C at a rotation speed of 120 rpm. Sixty-five h p.i. the identified limiting substrates glucose, asparagine and glutamine were supplemented: glucose was readded at a concentration of 3.5 g l −1 and the two amino acids at 0.75 g l −1 . Samples were taken at the indicated times p.i. and the triabin content determined. The time course of the triabin production is shown in Figure 5 . After a total incubation time of five days a maximum triabin concentration M of approx. 200 mg l −1 was obtained corresponding to an increase of the initial yield of 550% in comparison with earlier data of Petri et al. (1997) .
Under a process engineering point of view (Woehe, 1990 ) the point of the maximum productivity B1 (1.72 mg l −1 h −1 ) and an example of the average process yield B2 are also indicated in Figure 5 . In consideration of economic aspects the relative optimal point of the process was fixed at 110 h p.i.
Discussion
The present data show that the baculovirus expression system in combination with High Five TM host cells can very efficiently be applied for the production of the novel thrombin inhibitor triabin. In comparison with earlier work (Petri et al., 1997) , where the High Five TM cells were cultivated in monolayers, the higher cell densities obtained by suspension cultures led also to a significantly higher product yield. This increased yield is in the order of magnitude of the data presented by Vonach et al. (1997) for the production of the protein A fucosyltransferase III fusion protein using the same expression system. The much higher yields from High Five TM cells in comparison with Sf9 cells are probably due to the fact that High Five TM cells possess a more active and potent secretion apparatus. This has been also suggested by Wickham et al. (1992) and Davis et al. (1993) .
Because of the stability of the triabin product the strategy developed by Reid et al. (1995) which combines low cell densities at the time of infection with low m.o.i. could successfully be applied. With this method virus produced by the primarily infected cells is used for the infection of the initially uninfected cells which have multiplied during the first rounds of virus replication. This strategy leads to significant savings in virus inoculum while, under the conditions employed here, the fermentation time is only slightly increased by about 20%.
A feeding of glucose improved the growth features of uninfected cells by extending the stationary phase for up to 48 h by increasing the viable and the total cell number (data not shown). In contrast to this, in the experiments with the infected High Five TM cells, the feeding of glucose alone had no significant effect of the triabin yield. Here only a feeding of glucose together with the amino acids asparagine and glutamine, increased the triabin yield in the process. Chico et al. (1997) had also described for High Five TM cells that these two amino acids were limiting substrates in other commercially available media. Asparagine and glutamine possess a double importance for growth and virus replication, because they not only serve as protein building blocks but also because they can be used to provide energy. Asparagine can be converted into oxaloacetate and glutamine into α-ketoglutarate. Oxalacetate and α-ketoglutarate can then be metabolized to provide energy by the citric acid cycle. The resulting free ammonia from glutamine and asparagine is transfered by alanine transaminase to pyruvate produced from glucose whereby alanine is generated. This protects the cells from toxic ammonia concentrations. A corresponding increase of alanine was also observed here.
In agreement with Scott et al. (1992) and Kioukia et al. (1995) who had described a higher demand for oxygen of infected Sf9 and High Five TM cells we also found that an increased aeration improved the triabin production rate in this High Five TM cells based process. This can be explained that as mentioned above on a per cell basis more oxalacetate and α-ketoglutarate are channeled into the citric acid cycle leading to the need of more oxygen as the final electron acceptor.
Finally, the combination of all the optimized paramenters led to the very high triabin yield of about 200 mg l −1 as determined here with the thrombin inhibition assay. This represents approximately a 5 fold increase when compared with the previously described data (Petri et al. 1997 ). This highly effective triabin production process combined with the favorable, unique biological features of triabin give this novel thrombin inhibitor the potential to become a interesting and useful new therapeutic compound.
